Huntington's disease (HD) is an incurable and fatal neurodegenerative disorder. Improvements in the objective measurement of HD will lead to more efficient clinical trials and earlier therapeutic intervention. We hypothesized that abnormalities seen in the R6/2 mouse, a greatly accelerated HD model, might highlight subtle phenotypes in other mouse models and human HD. In this paper, we identify common gene expression changes in skeletal muscle from R6/2 mice, Hdh CAG(150) homozygous knock-in mice and HD patients. This HD-triggered gene expression phenotype is consistent with the beginnings of a transition from fast-twitch to slow-twitch muscle fiber types. Metabolic adaptations similar to those induced by diabetes or fasting are also present but neither metabolic disorder can explain the full phenotype of HD muscle. The HD-induced gene expression changes reflect disease progression. This raises the possibility that muscle gene expression may be used as an objective biomarker to complement clinical HD-rating systems. Furthermore, an understanding of the molecular basis of muscle dysfunction in HD should provide insight into mechanisms involved in neuronal abnormalities and neurodegeneration.
INTRODUCTION
Huntington's disease (HD) is an autosomal dominant neurodegenerative disorder that has an incidence of roughly one per 10 000 in populations of western European descent (1) . Typically, symptoms present during the third and fourth decades and progress inexorably, with death occurring 10-20 years after clinical onset. HD is one of the polyglutaminerelated neurodegenerative diseases: disorders that include dentatorubral-pallidoluysian atrophy (DRPLA), X-linked spinal-bulbar muscular atrophy and at least six spinocerebellar ataxias (2) . All of these disorders have a similar genetic basis, an expansion of a glutamine-encoding CAG-repeat, yet each is characterized by a different neuropathology. The hallmark neuropathology of HD is the severe and preferential loss of striatal medium spiny neurons, although localized cortical atrophy also occurs (1) .
The first mouse models of HD were transgenic animals expressing exon-1 of the human huntingtin gene (3) . The best studied of these, the R6/2 line, begins to exhibit behavioral and motor deficits about 6 weeks after birth. Subsequently, the phenotype of R6/2 mice develops rapidly, manifesting tremor, clasping, convulsions, weight loss, diabetes and behavioral abnormalities. Their life span is typically only 12 -15 weeks (3, 4) . Other mouse models designed to faithfully reproduce the genetic defect in human HD have been made by inserting CAG repeats into the mouse huntingtin gene. These 'knock-in' HD animals have normal life spans and show subtle phenotypes relative to R6/2 mice (4, 5) . These mice may model the earlier stages of human HD, whereas the # The Author 2005. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oupjournals.org *To whom correspondence should be addressed. Tel: þ1 2066675681; Fax: þ1 2066672917; Email: astrand@fhcrc.org Human Molecular Genetics, 2005, Vol. 14, No. 13 1863-1876 doi:10.1093/hmg/ddi192 Advance Access published on May 11, 2005 R6/2 mouse may recapitulate later stages or the rare juvenile form of human HD, which generally has a more severe clinical picture than adult-onset HD (1) . The various mouse models of HD are now being used to screen potential treatments. However, due to their less dramatic phenotypes, preclinical trials involving knock-in HD mice require more time, material and money than trials involving R6/2 mice. Similarly, human clinical studies are complicated by the fact that the disease progresses fairly slowly and the current clinical rating scales are not sensitive enough to detect changes over short periods of time (6, 7) . The limitations of current methods of assessing HD patients necessitate large clinical trials of long duration. Thus, the development of objective biomarker measurements of HD is of importance, as these may improve the power and cost-effectiveness of drug trials.
Microarray profiling of gene expression can capture a broad view of direct and indirect effects related to polyglutamine toxicity in tissues from mice and humans. We hypothesized that abnormalities in the R6/2 mouse could guide a search for subtle phenotypes in other mouse models and human HD. The skeletal muscle is an accessible tissue that responds to hormonal, metabolic and neural inputs. Atrophy of skeletal muscle had been noted in the R6/2 mouse (8, 9) and wasting is commonly seen late in human HD (1) . The muscle, therefore, seemed a reasonable tissue to examine for gene expression changes that might be developed into HD biomarkers.
We have previously published a short list of gene expression changes in muscle from a small study on 8-weekold R6/2 mice (10) . Here, we expand on that work by profiling skeletal muscle from older R6/2 mice. We use these profiles to define a molecular phenotype of gene expression changes associated with HD in skeletal muscle. In the mice, the gene expression changes are amplified as the disease progresses. We demonstrate that the phenotype is not merely a consequence of diabetes or weight loss and go on to show that the same phenotype can be observed in Hdh CAG(150) knock-in mice and muscle biopsies from human HD patients. The gene expression changes we describe seem to be universal characteristics of HD muscle and, as such, likely reflect fundamental mechanisms of disease. This makes muscle gene expression or some other biochemical assay of muscle function a good candidate for an HD biomarker.
RESULTS

Defining the molecular phenotype of HD muscle
The primary interest in beginning these studies was to determine whether gene expression changes could be detected in human HD muscle. Muscle biopsies are not commonly collected from HD patients. Thus, faced with the prospect of a small microarray study in the context of human variability, we attempted to gather power from the R6/2 HD model under the hypothesis that changes in the mice may illuminate the human phenotype.
The R6/2 mice begin to be distinguishable from their wildtype siblings around the age of 6 weeks. They gradually develop diabetes, progressively weigh less than normal and toward the end of their lives suffer a more precipitous loss of weight (3,11 -14) . Weight loss and diabetes are known to influence muscle gene expression (15 -17) . To demonstrate that the R6/2 skeletal muscle gene expression phenotype was not a trivial byproduct of diabetes, 8-week-old R6/2 mice were implanted with sustained-release insulin pellets or placebo pellets, whereas wild-type controls were implanted with placebo. These mice were sacrificed at 11 weeks of age. To control for weight loss effects, an additional cohort of control mice was fasted 2 days prior to sacrifice. These fasted mice lost 20% of their body weight and on average weighed the same as the R6/2 mice (data not shown). Skeletal muscle gene expression profiles from the fed R6/2 þ placebo, fed R6/2 þ insulin and fasted control mice were then compared with a common reference of fed control þ placebo mice (complete analysis results can be found in the Supplementary Material; complete analysis and raw array data can be found at: http://HDBase.org). Figure 1 shows intersections of probe sets meeting the P , 0.001 criteria for differential expression in each group relative to fed controls. There was extremely high concordance between the placebo-and insulin-treated R6/2 mice. Only one of the 1507 probe sets in the intersection of those two comparisons was changed in opposite directions. Because controlling blood glucose levels had very little effect on the R6/2 muscle phenotype, forces other than diabetes seemed to be driving the gene expression changes.
A severe fast induced many changes in muscle gene expression in wild-type mice. Figure 1 shows that although many of these were shared with the R6/2 phenotype, fasting captured only about one-third (573/1905) of the R6/2 phenotype. In addition, 10% of the 573 genes in the R6/2 -fasting intersection were discordantly affected. Finally, direct comparison of R6/2 with fasted-control mice demonstrated roughly as many differentially expressed probe sets (2033) as the R6/2 to fed -control comparison (1905) . Only 74 probe sets met the P , 0.001 criteria in direct comparison of R6/2 þ insulin and R6/2 skeletal muscle (Supplementary Material). We concluded that although both diabetes and weight loss may contribute to the muscle phenotype, neither can explain the complete set of skeletal muscle gene expression changes seen in R6/2 mice.
To confirm the changes seen in R6/2 mice at 11 weeks and refine the HD muscle phenotype, profiles from 15-week-old R6/2 and matched controls were collected (Supplementary Material). Of the 1905 differentially expressed probe sets in the 11-week profile, 1468 met the P , 0.05 criteria in the independent 15-week profile. This is substantially more than the approximately 95 probe sets (0.05 Â 1905) that would be expected by chance. In addition, only two of the 1468 probe sets were incongruently expressed in the two profiles. The 15-week profile thus confirmed hundreds of gene expression changes identified in the profile of 11-week-old R6/2 skeletal muscles.
To define the HD muscle phenotype, probe sets were ranked by the absolute value of the sum of the moderated t-statistics (18) in the 11-week R6/2-to-control and 15-week R6/2-tocontrol comparisons. The 75 highest ranked named increasing genes and 75 highest ranked decreasing genes are shown in Table 1 . Over-represented functional groups were identified in the top 100, 200 and 500 ranked probe sets using the online EASE tool (http://apps1.niaid.nih.gov/david/) (19) . As may be inferred from inspection of the gene lists in Table 1 , significant over-representation was seen in the decreased list for genes encoding 'fast' muscle fiber proteins and glycolytic enzymes. Decreases in 'fast' myofibrillar protein genes were noted previously in profiles from 8-week-old R6/2 skeletal muscle generated as part of a small spotted array expression profile (10) . Increased genes fell into groups for 'slow' muscle proteins, lipid catabolism, protein synthesis and folding, heat-shock, proteasome and other types of stress-response. Taken together, these patterns of increases and decreases in functional groups are consistent with a transition from fast type II glycolytic muscle fibers to slow type I oxidative muscle fibers (20, 21) . On the basis of histochemical evidence, such a transition in R6/2 skeletal muscle was recently proposed (9) .
To demonstrate that the skeletal muscle phenotype is progressive and further confirm the array data, northern blots were performed using total RNA isolated from R6/2 and control mice (Fig. 2) . Three genes were examined: lactate dehydrogenase A (LDHA ), the predominant LDH isoform in skeletal muscle (22) ; alpha-actinin-2 (ACTN2 ), which is expressed in all mouse muscle fibers and alpha-actinin-3 (ACTN3 ), an actinin isoform expressed in a subset of type II fast fibers (23) . Like ACTN3, LDHA is more highly expressed in mouse fast-twitch fibers (24) . LDHA and ACTN3 are significant decreases in the R6/2 array data and appear in Table 1 . ACTN2 does not appear as a statistically significant increase in the R6/2 array data analyzed with Robust Multiarray Average (RMA) software (18,25 -27) , but does appear as a significant increase when using Affymetrix MAS 5.0 software (data not shown). Consistent with repression of fast-twitch fiber genes, LDHA and ACTN3 clearly decreased relative to normal in R6/2 mice. ACTN2 increased in R6/2 mice, a result that suggests ACTN2 is preferentially expressed in mouse slow-twitch fibers or fibers adapting to HD-mediated effects. The differences between R6/2 and control mice became greater with age, demonstrating progression of the muscle gene expression phenotype in concert with the other neurological and behavioral phenotypes in R6/2 mice.
Human and mouse HD muscle exhibit a common program of gene expression changes
To explore gene expression changes in human HD, we obtained muscle biopsies from eight HD patients and seven controls. The patients' motor and cognitive symptoms as measured by the Unified Huntington's Disease Rating Scale (6,7), ranged from essentially normal to severely affected ( Table 2 ). None of the biopsy donors had frank diabetes or was emaciated, so it was unlikely that human HD muscle gene expression changes would be caused by diabetes or weight loss. After analysis, only 50 probe sets exceeded the P , 0.001 criteria. As approximately 22 would be expected by chance, one might assume that these 50 probe sets would have a high false discovery rate. The 75 highest ranked nonredundant named increases and 75 highest ranked decreases are shown in Table 3 (complete data in Supplementary Material and at http://HDBase.org). Inspection of Tables 1  and 3 reveals several common themes between mouse and human HD muscle. Both the mouse and human HD gene lists noted reduced glycolytic enzyme and 'fast' myofibrillar mRNAs, whereas increased expression was found for lipid metabolism and 'slow' myofibrillar messages. As these pathways were affected in R6/2 mice in exactly the same fashion, the trends in the small human microarray study seemed unlikely to be due solely to chance. The simple functional analysis described earlier looks only at intersections between statistically significant changes in R6/ 2 and human muscle. If R6/2 and human HD muscle shared a similar biology, trends in orthologous genes should be similar even if few genes were flagged as statistically significant in this small human study. We used two statististical methods using different bioinformatic data-cleaning steps to detect common trends across species and array platforms. In the first approach, the probe sets on the mouse and human arrays were collapsed into a set of unique genes with oneto-one matching of genes between species. On the basis of their moderated t-statistics (18), the mouse and human genes were separately ranked to generate two independent rankordered lists. A one-sided Mann -Whitney test (28) was then applied to see whether the human genes corresponding to the most significantly HD-affected mouse genes were included in the extremes of the rank-ordered human genes. Upregulated and down-regulated genes were analyzed separately. Considering the most significant 250 mouse increases and decreases, we, respectively, obtained permutation-based P-values of 0.25 and 0.0004 for relatedness between mouse and human HD. This represented very strong evidence for a Figure 1 . Venn diagram of probe sets meeting P , 0.001. Affymetrix U74Av2 arrays containing 12 488 probe sets were used to make gene expression profiles of quadriceps muscle from three treatment groups and a control group of wild-type mice. Each group contained four male mice. Sustained release insulin or placebo pellets were implanted subcutaneously into 8-week-old R6/2 and wild-type mice. These were subsequently sacrificed at an age of 11 weeks. The profiles from fed placebo treated R6/2, fed insulin treated R6/2, and fasted wild-type mice were compared with fed placebo treated wild-type mice. The numbers of probe sets meeting a P , 0.001 criteria in the three pair-wise comparisons of treatment to control are shown. Numbers in parentheses indicate the number of probes changed in opposite directions within the intersection. Asterisk indicates 56 of 57 discordant changes due to the fasting phenotype. The vast majority of these genes met the P , 0.001 criteria in the completely independent 11-and 15-week R6/2 gene expression profiles. A few genes had consistent changes with a P-value slightly larger than 0.001 in one experiment matched by a P-value much smaller than 0.001 in the other experiment. These gene lists represent the top few of the many hundred gene expression changes detected in R6/2 skeletal muscle. See Supplementary data or http://HDBase.org for complete gene expression data. Genes in bold type represent previously published gene expression changes seen in 8-week-old R6/2 mice (10). a The top 75 non-redundant named decreasing genes in R6/2 quadriceps muscle.
b
The top 75 non-redundant named increasing genes.
common program of skeletal muscle gene repression in mouse and human HD. In a second approach to demonstrating commonality, the mouse probe sets were ranked by the absolute value of the sum of moderated t-statistics (18) in the 11-and 15-week profiles. This rank-ordering was then applied to all orthologous human probes. When a mouse probe mapped to multiple human probes, the signals of the redundant human probes were averaged. Finally, if the gene decreased in mouse HD, the human signals were multiplied by 21. This created a list for each human HD case and control with one-to-one correspondence between mouse and human genes all rankordered by the R6/2 significance. We then implemented a 'running t-test'. For g ¼ 1 to n, signals for the first g genes were averaged (as we normalized gene expression using RMA, all expressions were on the same scale) and a series of P-values calculated using a regular t-test on the averages. If there were trends in the data that distinguished the HD group from controls, P-values for the averages would likely become smaller than P-values for individual genes as the HD signal 'added up'. Furthermore, the running P-value should reach a minimum near the top of the list and the significance of the signal should be persistent. If the mouse and human lists were not biologically related, the running P-values would be expected to quickly exhibit a pattern similar to a random walk about some insignificant P-value. Figure 3 shows that the mouse and human data were biologically congruent. P-values reached a minimum of P ¼ 0.00056 and based upon 10 000 permutations of the genes, the frequency of observing a P 0.00056 among the first 100 genes of a ranked list was P ¼ 0.034. Thus, two statistical approaches with different bioinformatic data clean-up steps provided us with strong evidence for a common program of skeletal muscle gene expression in mouse and human HD. The similarities between R6/2 and human HD were deepest in the genes that decreased, genes associated with fast-twitch muscle fibers and glycolysis.
Muscle gene expression changes are not due to adipocyte contamination Infiltration or contamination of the muscle biopsies with adipose cells was a plausible trivial explanation for the changes seen in HD muscle. To examine this possibility, we profiled subcutaneous adipose tissue from three HD patients. If HD muscle contained higher numbers of adipose cells, one would expect adipose markers, i.e. genes greatly more expressed in adipose tissue than muscle, to contribute substantially to the set of genes apparently increasing in HD muscle. Probe sets for adipose markers were identified by rank-ordering the differences of the mean human adipose and muscle signals. Of the top 1000 'adipose' probe sets, respectively, only 6, 14 and 20 were found within the top 100, 250 and 500 human HD muscle increases (Supplementary Material). Similar numbers were found in the top HD decreases. Because the vast majority of top changes, both increases and decreases, in the human expression profile were muscle genes, we concluded that the HD signature identified in human skeletal muscle biopsies was not reflecting skewed ratios of adipose and skeletal muscle cells.
Confirmation of human array data
To confirm changes in human HD, we performed a northern blot for LDHA on total muscle RNA from four age-and Figure 2 . Time course and confirmation of R6/2 skeletal muscle gene expression changes. Quadriceps muscle RNA from male R6/2 and wild-type littermates of several ages was isolated and used for northern analysis. The age in weeks is indicated above each pair of lanes. ' þ ' indicates R6/2 RNA. Duplicate blots containing 10 mg of total RNA per lane were probed for alpha-actinin 2 (mACTN2) and alpha-actinin 3 (mACTN3). The mACTN2 blot was subsequently stripped and reprobed for lactate dehydrogenase A (mLDHA). The mACTN3 blot was stripped and reprobed for 18S ribosomal RNA as a loading control. See Supplementary data or http://HDBase.org for complete gene expression data. Genes in bold type appear in Table 1 , the top R6/2 changes. Alpha-actinin 2 does not appear in Table 1 , but was shown to increase in R6/2 muscle by northern blot (Fig. 2) . The top 75 non-redundant named increasing genes.
gender-matched cases and controls (Fig. 4) . Even in the context of normal human variability, all of the HD cases clearly had lower levels of LDHA message than controls. This confirmed the decrease of LDHA indicated by the human HD array data. Reduced levels of LDHA mRNA in human HD parallels the R6/2 LDHA changes detected by independent microarray experiments and confirmed by northern analysis. We then re-examined LDHA and 12 other genes using semi-quantitative RT -PCR in the same set of matched cases and controls. The examined genes were selected to explore the inferred shifts from fast and slow fiber isoforms, sugar to lipid catabolism and induction of heat shock proteins. As shown in Table 4 , we were able to confirm the direction of change predicted by microarray in 11 of the 13 genes examined by RT -PCR. Eight of the examined genes met statistical significance at P , 0.05 in the RT -PCR assays.
Impaired glucose homeostasis in Hdh CAG(150) knock-in mice
Observation of common changes in R6/2 mice and humans could, however unlikely, be dismissed as a microarray artifact so, we examined whether similar trends took place in a second HD mouse model. The Hdh CAG(150) knock-in model of HD shows subtle behavioral differences beginning at about 4 months of age (4, 5) . Their phenotype develops slowly and does not manifest as obviously as the R6/2 phenotype. We profiled skeletal muscle from 6-month-old homozygous Hdh CAG(150) mice. Diabetes had not previously been detected in the Hdh CAG(150) line and none of the profiled mice exhibited significantly elevated fasting glucose levels. However, abnormal responses were noted in glucose tolerance tests. This unexpected phenotype was investigated further. In our colony of Hdh CAG(150) mice, abnormal glucose homeostasis was detectable by 3 months of age and developed in an age-and genotype-dependent manner (Fig. 5) . The homozygous mice were significantly different from the other two genotypes overall and at each individual age. In particular, the homozygous to wild-type difference was significant at 3 months (P 0.034), 6 months (P 0.006) and 12 months (P 0.001). Although consistently higher than the control mice, the heterozygous to wild-type difference was not significant overall (P 0.15) or at any age.
The HD signature is present in muscle from Hdh CAG(150)
knock-in mice
As expected, there were significantly fewer differentially expressed probe sets in the Hdh CAG(150) mice than in the R6/ 2 mice. Only 175 probe sets met the P , 0.001 criteria (Supplementary Material and http://HDBase.org). Repeating the use of the one-sided Mann -Whitney test on the 250 top R6/ 2 increases and decreases yielded permutation-based P-values for relatedness between R6/2 and Hdh CAG(150) muscles of P ¼ 0.02 for increasing and P , 0.0001 for decreasing genes. Thus, the strong and reproducible R6/2 muscle phenotype was discernable in the trends in a small microarray experiment on Hdh CAG(150) mice with an extremely subtle phenotype.
DISCUSSION
We have described for the first time skeletal muscle gene expression changes common to mouse and human HD. Our hypothesis that pronounced phenotypes in R6/2 mice can illuminate subtle human phenotypes is supported by the results of this study. Although there are clearly R6/2-specific changes in muscle gene expression, it is apparent that there is a predictable core of changes related to metabolic and myofibrillar Figure 3 . Running t-test P-values based on averaged human HD signal values rank-ordered according to the R6/2 data. Human probe sets orthologous to mouse probe sets were ranked by their significance in the R6/2 HD phenotype. If the probe set decreased in mouse HD, the human signals were multiplied by 21. A one-sided t-test was then sequentially performed on the average signal of the first g human genes. Each t-test was a comparison of the HD group and the control group. Nominal P-values for the HD-effect are plotted against g. The P-value plot does not behave as a random walk, indicating that the gene expression changes in mouse and human HD skeletal muscle are congruent and similar. Identifying numbers correspond to controls C001-C004 or cases HD001-HD004 as listed in Table 2 . The blot was stripped and reprobed for 18S ribosomal RNA as a loading control.
adaptations in both mouse and human HD. Furthermore, within this core phenotype, R6/2 mice are more severely affected than Hdh CAG(150) knock-in mice, and older R6/2 mice are more severely affected than younger R6/2 mice. This progression with overall disease suggests that muscle gene expression or some other biochemical property of muscle may be a useful biomarker for human clinical trials. However, testing this idea will require further study in order to define the most informative set of gene expression changes and measure their longitudinal evolution in human HD. These studies are underway. The skeletal muscle phenotype also raises the possibility that common pathologic mechanisms may be at work in neurons and muscle cells. In our view, it most is likely that the HD muscle phenotype represents a response to multiple factors including endocrinesystem changes, muscle-specific polyglutamine effects and aberrant signaling from the central nervous system (CNS). The implications of these mechanisms for HD muscle gene expression as a biomarker and their relationship to current views of neuropathogenic mechanisms shall be discussed.
Muscle fibers are classified as type I (slow-twitch), type IIA (fast-twitch oxidative) and type IIB fibers (fast-twitch glycolytic) (20, 21) . The proportion of slow and fast fibers within each specific muscle varies, and these ratios respond to a variety of stimuli. A simple interpretation of our data is that mutant huntingtin directly or indirectly triggers in mice and humans, a progressive loss of fast glycolytic fibers and concomitant gain in slow fibers. This is consistent with the conclusion of a recent examination of R6/2 muscle atrophy using histochemical differential staining methods (9) . However, the initial examination of R6/2 skeletal muscle, while noting a pronounced reduction in muscle fiber diameter, a result confirmed by Ribchester et al. (9) , found no immunohistochemical evidence of fiber-type conversion (8). We have not been able to reliably distinguish R6/2 and wild-type skeletal muscle using ATPase staining and antibodies to fast and slow myosin heavy chains (data not shown).
Immunohistochemical methods may not be specific or sensitive enough to detect classic fiber-type switching in R6/ 2 muscle and the short window between onset and death in R6/2 mice may not be sufficient for large amounts of myofibrillar protein turnover. Alternatively, HD may push fibers toward intermediate phenotypes promiscuously expressing both fast and slow type genes.
Muscle responds to endocrine signals such as growth hormone, insulin, thyroid hormone and sex hormones (20, 21) . It is well known that the R6/2 and N171 mouse HD models develop diabetes (12 -14,29) and there are reports of high diabetes rates in human HD (30) . Our observation of impaired glucose homeostasis in Hdh CAG(150) mice provides additional evidence for some type of pancreatic dysfunction associated with HD. More extensive endocrine involvement in HD has not been described but this is a plausible explanation for the wasting so often seen late in the disease. Muscle wasting in HD is usually attributed to increased uncontrolled movement. However, studies have shown that patients who do not yet exhibit chorea already have significantly lower body mass indices (BMI) than age-and sex-matched controls (31) . Wasting also seems to occur even while patients receive adequate nutrition (1, 32) . Perhaps significantly, HD patients with higher BMI live longer than leaner patients (33) . Each of these observations suggests that some type of body-wide metabolic imbalance develops as HD progresses.
With respect to metabolic adaptations specifically in skeletal muscle, the HD phenotype has much in common with the fasting-induced muscle gene expression program. However, fasting and diabetes cannot fully explain the HD gene expression pattern. In particular, our study indicates HD causes greater repression of glycolytic enzyme gene expression than does fasting. Further, distinguishing the HD muscle phenotype from metabolic adaptation, a study on muscle gene expression changes caused by diabetes, fasting and cachexia specifically noted an absence of fast and slow myofibrillar protein shifts (17) . Our data indicates that decreased expression of genes associated with fast muscle fibers is an early component of the HD muscle phenotype in both mouse and human HD.
Much of the HD muscle phenotype may be muscleautonomous responses to polyglutamine-related toxicity. The induction of genes encoding chaperones, heat shock proteins and proteasomal-subunits are most simply explained as muscle-cell autonomous events intended to cope with misfolded or aggregated polyglutamine. Transcriptional dysfunction has received much attention in the HD field (2, 34, 35) and this could be another muscle-intrinsic component of the HD phenotype. In experiments designed to see whether mutant huntingtin protein affects the ability of the MyoD transcription factor (36) to drive myogenesis, no difference was detected between fibroblasts derived from HD patients and controls (S. Tapscott, unpublished data). This result does not necessarily eliminate interference with transcription factors involved in maintenance of the terminally differentiated muscle state as a contributing factor behind the HD phenotype. Recently, mice with functional deletion of the transcription factor PGC-1 were shown to develop clasping, hyperactivity and striatal lesions similar to R6/2 mice (37). Interestingly, prior to that study, PGC-1 was best known for regulating All genes were normalized to troponin C 1 message levels within a sample. The log2 of the fold change, HD/controls, as determined by RT-PCR is shown. Numbers in bold type indicate agreement with microarray data with respect to direction of change or P 0.05.
gene expression pathways central to mitochondrial oxidative metabolism, fiber-type switching in skeletal muscle and the fasting response in liver (38) . To our knowledge, the gene expression profile of those mice has not been made but it might be informative to compare their profile with that of the R6/2 mice. Factors known to trigger the transition from fast to slowtwitch muscle fibers include aging, hypothyroidism, chronic low frequency stimulation, endurance training and depletion of the high energy phosphate compounds phosphocreatine and ATP (20, 21, 39) . The HD gene expression profile is apparent when age-/sex-matched controls are used; therefore, aging and gender effects seem unlikely explanations for the HD muscle phenotype. The wasting seen in HD patients and R6/2 mice would also seem to mitigate against a simple hypothyroid condition. The other two mechanisms for fast-to-slow transitions, energy depletion and chronic stimulation, are obviously relevant to HD.
Fiber type shifts caused by depleting muscle cells of highenergy compounds are interesting in light of evidence suggesting that metabolic dysfunction in HD-affected neurons leads to excitotoxic mechanisms of neural death and dysfunction (40, 41) . Inhibitors of oxidative-phosphorylation are used as chemical models of HD (42) and there is evidence that mutant huntingtin directly affects mitochondrial function (43) . Defects in mitochondrial energy metabolism have been detected in brain and muscle of presymptomatic HD and DRPLA patients (44 -46) . It is worthy of note that the defect of ATP production by mitochondrial oxidative phosphorylation in skeletal muscle in HD patients correlates with the length of the CAG repeat, i.e. the longer the repeat, the more severe the mitochondrial defect (44) . Finally, dietary supplements that may augment energy stores, such as creatine and co-enzymeQ, appear to have positive effects in mouse models of HD (47 -49) .
An alternative, but not mutually exclusive hypothesis to explain the HD muscle phenotype is aberrant input from the CNS. Classic studies have shown that muscle fibers will switch type depending on whether they are ectopically innervated by a slow or a fast motor neuron (50) . Other studies have shown that chronic low frequency stimulation of muscle contraction causes a fast fiber to become a slow fiber (51, 52) . Thus, fiber-type switching is due to electrical activity rather than factors released by the motor neuron (20,21,50 -53) . The definitive symptom of adult HD is chorea. It is possible that increased motor neuron activity, leading to chorea in the human HD and tremors in the mice, triggers adaptations in muscle. The combination of metabolic and myofibrillar adaptations induced by HD are the opposite of changes caused by denervation or inactivity (20, 21) . Thus paradoxically, as the disease becomes more debilitating, it appears the gene expression profile of HD skeletal muscle becomes more similar to that of muscle undergoing endurance training. A biomarker has been defined as an objectively measured indicator of a normal biological process, pathogenic process or response to therapeutic intervention (54) . All biomarkers must undergo rigorous scrutiny before they are used as surrogate clinical endpoints for therapeutic trials. They must correlate with disease, demonstrate prognostic value and finally provide mechanistic understanding. However, because there is a highly specific diagnostic test for HD, it may not be necessary that muscle gene expression changes, or any HD biomarker for that matter, be specific to HD in order to be of clinical utility. Obviously, the most severe and disturbing symptoms of HD can be traced to effects in the central nervous system. In this study, we have demonstrated that skeletal muscle, an accessible peripheral tissue, is also affected in HD. Importantly, these effects are seen in mouse models of HD and human HD patients. Our studies rule out secondary effects, such as diabetes, weight loss and adipose infiltration, as trivial causes of the muscle phenotype. The muscle phenotype is clearly progressive in R6/2 mice and further studies are underway to correlate muscle gene expression with human HD. To that extent subclinical manifestations of HD in non-CNS tissues, such as skeletal muscle gene expression, can be correlated with disease, they will allow us to objectively measure HD progression in future therapeutic trials. To the extent dysfunction in these tissues shares features with neuronal dysfunction, these phenotypes will also provide new insights into disease mechanisms, which may in turn lead to potential therapies.
MATERIALS AND METHODS
Human studies
Biopsies of vastus lateralis muscle were obtained after informed consent and with the approval of the Royal Free Hospital Trust Ethics Committee and the Institutional Review Boards of the University of Washington and the Fred Hutchinson Cancer Research Center. Biopsies were obtained under local anesthesia and immediately frozen in dry ice or liquid nitrogen. Eight human HD samples and seven unaffected control samples were hybridized to Affymetrix HG_U133A arrays. The HG_U133A arrays contain 22 283 probe sets.
Animal studies
Animal studies were conducted in accordance with the NIH Guide for the Care and Use of Laboratory Animals and with approval of the Fred Hutchinson Cancer Research Center Institutional Animal Care and Use Committee. Glucose tolerance tests were performed on mice that had been fasted for 4 h. After weighing and establishing baseline blood-glucose levels, mice were injected intraperitoneally with 1.5 g glucose/kg body weight. Tail-vein blood samples were collected at half-hour intervals after injection. Glucose levels were measured with a One Touch Lite glucose monitoring system (Lifescan Inc., Milpitas, CA, USA). To outline the scope of diabetes involvement in the muscle phenotype, R6/2 mice were implanted with a single Linbit insulin pellet (LinShin Canada, Inc., Scarborough, Ontario, Canada) at 8 weeks of age. Cohorts of wild-type and R6/2 mice were implanted with placebo pellets in parallel. These mice were sacrificed 3 weeks later to generate gene expression profiles of 11-week-old mice. To define the fasting response, an additional cohort of wild-type mice was placed on a fast 48 h prior to sacrifice. All fasted animals had free access to water. Three R6/2 and three wild-type controls were used for the 15-week profiles. Three homozygous Hdh CAG(150) and three wild-type littermate controls were used to make profiles of 6-monthold Hdh CAG(150) mice. Mouse samples were hybridized to Affymetrix U74Av2 arrays containing 12 488 probe sets.
RNA isolation, cRNA preparation and array hybridization
Human and mouse quadriceps muscle samples were homogenized in TRIZOL (Invitrogen, Carlsbad, CA, USA) using a rotor-stator. Total RNA was isolated according to the manufacturer's protocol. Residual phenol and salts were removed by passage of the total RNA over an RNeasy column (Qiagen, Valencia, CA, USA). Five micrograms of total RNA was used for cRNA synthesis per one-cycle amplification instructions (Affymetrix, Santa Clara, CA, USA). Fifteen micrograms of fragmented cRNA from each sample was used for array hybridization.
Statistical analysis
Primary analysis of microarray data was performed using Bioconductor, an open source and open development software project that provides tools for the analysis and comprehension of genomic data (18,24 -27) . RMA from the Bioconductor package 'Affy' was used to normalize the arrays. The Bioconductor package 'LIMMA' was used for model fitting, calculation of fold-change, moderated t-statistics and corresponding P-values. Secondary analysis was performed using Affymetrix MAS 5.0 software.
To define the R6/2 HD muscle phenotype, probe sets were ranked by the absolute value of the sum of the Bioconductor moderated t-statistics from the independent 11-week R6/2 þ placebo-to-control and the 15-week R6/2-to-control comparisons. This rank-ordered list was used for gene ontology searches and in cross comparisons between R6/2, human, and Hdh CAG(150) HD. To map genes across species and array platforms, we used two slightly different bioinformatic data clean-up methods. For the Mann -Whitney tests, U74Av2 and HG-U133A probe sets were sorted by their Unigene identifiers and average signals. In the case of redundant probe sets, the probe set with the highest mean signal was kept and the others were discarded. This turned the 12 488 mouse probes into 9287 genes and turned the 22 283 human probes into 14 065 genes. The 9287 genes were considered when performing the R6/2 and Hdh CAG(150) Mann -Whitney test. Using Affymetix information (http://www.affymetrix.com/support/ technical/byproduct.affx?cat¼exparrays), 6398 orthologous genes were identified and considered for the R/2 and human Mann -Whitney test.
For Figure 3 , HG-U133A orthologs of the U74Av2 probe sets were again identified using Affymetix information and sequentially assigned ranks per the mouse list. If a mouse probe set mapped to several human probe sets, the signals of the redundant human probe sets were averaged. This established one-to-one correspondence between the mouse and human lists. The mouse direction of change was imposed on the human gene by multiplying the human data by 21 if the gene decreased in R6/2 muscle. Finally, for each number g, we computed the average of the normalized first g genes for each individual human sample, and a P-value using a regular one-sided t-test on the two groups of sample averages. A one-sided test was appropriate as we were also testing that the mouse direction of change occurred in the human data. Specifically, the gth P-value was calculated from:
where X HD(WT),g is the mean of the HD or WT signal averaged over the top g genes, n HD(WT) the number of HD or WT samples and s p,g the pooled estimate of standard deviation based on the top g genes. To estimate the frequency that an observed minimum P-value might occur within the first 100 genes by chance, we performed 10 000 randomizations of the data. The direction of change, assigned rank and probe set-signals were randomized simultaneously.
The significance of Hdh CAG(150) genotype on glucose levels was analyzed using a linear mixed effects model (55) , treating each mouse as a random effect and genotype, time (categorical), age and weight as fixed effects. Sample sizes for wildtype, heterozygous and homozygous mice were, respectively, 4, 5 and 8 at 3 months; 4, 4 and 5 at 6 months and 4, 10 and 11 at 12 months.
Semiquantitative PCR
Three micrograms of human muscle total RNA was used as template for oligo-dT primed cDNA using Superscript II reverse transcriptase as per the manufacture's recommendations (Invitrogen). Reactions were diluted to 1 ml with distilled water to make stock cDNA solutions. Semiquantitative PCR was set up using SYBR-Green Master Mix (Applied Biosystems, Foster City, CA, USA). About 2.5 ml of cDNA and specific primers at 0.3 mM final concentration were used in 25 ml reactions. All primer pairs were designed to span at least one intron. Cycling was carried out on the Applied Biosystems 7000 Sequence Detector. Samples were held at 958C for 10 min, then cycled 40 times from 958C for 20 s to 558C for 30 s. SYBR-Green I intensity was analyzed using ABI SDS 7000 v.1.0 software. Reactions were performed in triplicate. All detection-threshold cycle-count values were normalized to troponin C1 levels. Troponin C1 was chosen because the mouse and human microarray data indicated that its expression was relatively unaffected by HD or fasting. Genes such as actin, beta-tubulin and GAPDH that are often used as normalization controls were unsuitable in our case because they were identified as HD-affected genes in mouse or human muscle by microarray. Relative gene expression levels were calculated using the DCT method (56) . P-values were calculated using a standard one-tailed t-test as we were interested in a predetermined direction of change. PCR primer sequences can be found in Supplementary Material.
